Alkaline anion exchange membrane (AAEM) plays an important role in the development of fuel cell. In this research, the electrostatic spinning technology was used to prepare AAEM. We use BC/TiO 2 membrane as substrate by introduced quaternary ammonium groups to prepare BC/TiO 2 /CHPTAC (3-chloro-2-hydroxypropyl trimethyl ammonium chloride) composite membranes. The as-prepared composite membrane was characterized by XRD, SEM, XPS, and TG methods. It was found that BC/TiO 2 /CHPTAC (0.05 g) membrane exhibited high thermal stability and better comprehensive performance. The degree of substitution (DS), water uptake, and ion-exchange capacity (IEC) of BC/TiO 2 /CHPTAC membranes were investigated. The results showed that the DS, water uptake, and IEC of BC/TiO 2 /CHPTAC membrane were 1.16, 140%, and 1 mmol⋅g −1 , respectively. We believe this composite membrane with excellent performances can promise many applications in fuel cells.
Introduction
Recently, with the escalation of the energy crisis, increasing attention has been paid to the research on fuel cell. Fuel cells for residential applications have proven their ability to produce electricity with lower heating value efficiencies up to 60% using nature gas [1] . Efficiencies over 70% are projected when they are combined with gas turbines or reciprocating internal combustion engines [2, 3] . Among them, the proton exchange membrane fuel cell (PEMFC) is the most promising application, because it is typical device that can continuously convert chemical energy into electric energy and a limited amount of thermal energy [4] . Membrane is one of the core components of PEMFC, including proton exchange membrane fuel cell membrane (PEMFCM) and anion exchange membrane fuel cell membrane (AEMFCM). AEMFCM is designed to provide sufficient hydroxyl ions for ionic exchanges and isolate anode to cathode during electrochemical reactions. In the anion exchange membrane fuel cell (AEMFC), the AEMFCM should have excellent chemical, thermal, and mechanical stability as well as high conductivity and low cost. Therefore, the preparation of high performance of AEMFCM becomes one of the key researches [5] [6] [7] .
At present, polyvinyl alcohol (PVA) [8] and chitosan (CS) are two kinds of commonly used matrices. Kim et al. [9] prepared quaternized PVA/SiO 2 hybrid membrane and used it for direct methanol fuel cell. As it is indicated that methanol permeability (10 −7 -10 −8 ) of the hybrid membrane is low, it meets the requirement of fuel cell. However, the ion conduction of PVA/SiO 2 hybrid membrane is poor. Xiong et al. [10] synthesized quaternized chitosan through chitosan and glycidyl trimethyl ammonium chloride. And the composite membrane is prepared by mixing the quaternized chitosan with quaternary ammonium polyvinyl alcohol (QAPVA). The maximum conductivity of this composite membrane can reach 8.37 × 10 −3 S/cm. But the stability of the membrane is bad and it can be completely dissolved in water for short time. Therefore, the research and development of new materials preparation AEMFCM are crucial.
According to some researches, bacterial cellulose (BC) membranes have many excellent properties, such as high purity (99%-100%), superfine (nanoscale), high moisture 2 Journal of Nanotechnology retention and thermal stability, low permeability of gas, and high Young's modulus in wet condition [11, 12] . The AEMFCM was prepared on the basis of BC by electrospinning, not only keeping the above advantages, but also introducing many additional superiorities, for example, high specific surface area, large length-diameter ratio, high quality, large porosity, and controllable membrane thickness [13] [14] [15] [16] . Otherwise, it is easy to prepare a multifunctional fiber in combination with many technologies by electrospinning. Meanwhile, inducing inorganic particles through physical and chemical methods can enhance chemical and thermal stability of membranes. The organic-inorganic nanocomposite membranes are generally organic polymer composites with inorganic nanoscale building blocks [17, 18] [22] . Among them, TiO 2 nanoparticles reveal the function of solid plasticization, high chemical stability, and being nontoxic and odorless, and it was applied in different fields, including environmental protection, energy, and composite material [23] . Yang [24] prepared a PVA/TiO 2 composite membrane through solution casting method and used it in methanol fuel cells with a maximum current density of 7.54 W/cm −2 . These composite membranes may be more suitable for matrix materials of AAEMs.
In this paper, we have adopted the electrostatic spinning technology to prepare the BC/TiO 2 /CHPTAC nanofibers membrane. This composite membrane keeps high intensity, large ion-exchange capacity, and low cost. Compared with other membranes, the BC/TiO 2 /CHPTAC composite membrane exhibited comparable performance, thus becoming promising for application in fuel cells.
Experimental Section
2.1. Materials. BC samples were cultivated using Acetobacter xylinum NUST4.2 through a static fermentation process [25] at 30 ∘ C. They were treated with 0.1 M sodium hydroxide solution at 80 ∘ C for 2 h in order to rinse off the bacteria and brought to a neutral pH value by washing with distilled water several times. LiCl, dimethylacetamide (DMAC), CHPTAC, NaOH, TiO 2 , and PVA were purchased from Sinopharm Chemical Reagent Co., Ltd. (analytic grade). All chemicals were used as received without further purification. 2 /BC Membrane. Certain amount of BC powder was added to 8% LiCl/DMAC (w/w) solution. The mixture was stirred at 100 ∘ C for 1 h to form a homogeneous BC/LiCl/DMAC solution. Air bubbles were wiped out from the solution by fast centrifugation. Certain amount of TiO 2 powder was added to the BC/LiCl/DMAC solution, followed by ultrasonic dispersion. Adjusting to the spinning temperature, humidity, voltage, extrusion rate, and receiving distance, the ultrafine nanofibers were collected by an aluminum foil roller. After being solidified in ethanol and washed by distilled water, TiO 2 /BC regenerated membrane was obtained.
Preparation of TiO

Preparation of TiO 2 /BC/CHPTAC-OH Membrane.
The above TiO 2 /BC membrane was added to a 250 mL threenecked bottle and heated in a water bath at 60 ∘ C for 1 h with isopropyl alcohol as solvent. Then we added CHPTAC to the above solution according to a certain molar ratio (10 : 1) of CHPTAC to anhydroglucose unit in BC. NaOH (2 mol/L) solution was used to adjust the pH of system. After that, magnetic stirring was continuous for 4-16 h at certain temperature ∘ C). The washed product was finally freeze-dried with lyophilizer to obtain the alkaline anion exchange membranes.
Preparation of TiO 2 /BC/CHPTAC-OH/PVA Membrane.
The PVA powder was added to distilled water and stirred at 90 ∘ C for 2 h to form a homogeneous and transparent solution (the mass fraction of PVA is 8%). TiO 2 /BC/CHPTAC-OH/PVA membranes were soaked into PVA solution. The membranes were transferred onto two glass plates and then dried at 60 ∘ C to form a sandwich structure. Then the TiO 2 / BC/CHPTAC-OH/PVA alkaline anion exchanged casting membrane was obtained.
Structure Characterization and Morphology Test.
The rheological properties of solution were examined using a rotary viscometer, at a shearing rate from 0.001 s −1 to 0.1 s −1 . X-ray diffractometer (XRD) was used to observe the membrane crystalline structure (Bruker D8 ADVANCE, Germany). The samples were scanned over the 2 range of 10
∘ . The operating voltage and current were 40 kV (1 kV/1 step) and 30 mA. The radiation was Cu K radiation of wavelength 1.54056Å. Scanning electron microscopy (SEM) was used to observe sample morphology and microstructure. Samples were sputtering coated with gold and examined using a JEOL JSM-6300LV microscope (Japan). Fourier transform infrared spectroscopy (FT-IR) was used to test the structural properties of the samples. Samples were tested with a Fourier transform infrared spectrometer (Bruker EQUINOX55, Germany). The FT-IR spectra were recorded in a spectral range of 500-4000 cm −1 by accumulating 32 scans at a resolution of 4 cm −1 . Thermogravimetric analysis (TGA) measurements on samples were performed with a TGA instrument (TGA-50, Shimadzu), from 50 ∘ C to 800 ∘ C, at a heating rate of 10 ∘ C⋅min −1 . The samples were swept with N 2 during the whole analysis. X-ray photoelectron spectroscopy (XPS) analysis was used to identify the element composition and element valence state. Samples were tested by for a X-ray photoelectron spectrometer (using JEOL PHI Quanta, Japan) using Al K radiation.
Membrane Performance Testing
2.6.1. Degree of Substitution. The degree of substitution (Ds) of the membrane was calculated by the following equation:
where is the mass fraction of nitrogen.
Journal of Nanotechnology 3 2.6.2. Water Uptake. The membranes were freeze-dried at −55 ∘ C for 24 h until constant weight to obtain the dry membranes. Then, they were immersed into deionized water at room temperature for 48 h. After this time, the membranes were taken out, wiped with tissue paper, and quickly weighed on a microbalance. The water uptake (WU) of membrane was calculated from
where Me and Ms are the weight of the dry and the corresponding water-swollen membranes, respectively.
Ion-Exchange Capacity.
The ion-exchange capacity (IEC, mmol/g) was examined using traditional acid-base titration and calculated by the following equation:
where HCl is the volume of HCl immersion membrane, L;
NaOH is the volume of NaOH, L; HCl is the concentration of HCl, mol/L; NaOH is the concentration of NaOH, mol/L; is the quality of the dry film, g.
Swelling Ratio.
The water swelling ratio (SR) of the membranes was investigated by immersing the samples into water at room temperature for 48 h, and the SR was calculated by the following equation:
where 0 and are the size of dry and wet membranes, respectively.
Mechanical Properties.
Mechanical properties of single fibers were measured using SHIMAZUAGS-100NX universal material testing machine (Japan), with a 20 mm gauge length at a crossbar rate of 50 mm⋅min −1 . The tensile strength ( , MPa) and breaking elongation ratio ( ) of the membranes were calculated by the following equation:
where is the breakage load of membranes, ; is the width of samples, mm; is the thickness of samples, mm; 0 is the original distance, cm; is the breakage distance, cm. 
where is the distance of two electrodes, cm; is the width of samples, cm; is the thickness of samples, cm; is the impedance value of the samples, Ω.
Results and Discussions
Characterization of TiO 2 /BC Composite Membrane
Optimization of BC Electrostatic
Spinning. The BC concentration has an important influence on the morphology of electrospun fibers. Figure 1(a) shows the relationship between the viscosity and concentration of BC solution at 25 ∘ C. We can see that its viscosity keeps pace with concentration of BC solution, because, with the increasing of concentration, the high molecular weight of solution in unit volume increases; as a result, the degree of molecular chains entanglement is enhanced. Figure 1(b) shows the relationship between viscosity properties of BC solution and the temperature at a concentration is 0.5%. However, with the increasing of temperature, the apparent viscosity of the BC solution decreased, because when temperature raised, the activity of molecular chains is enhanced, resulting in better mobility of the solution. An appropriate electrostatic spinning condition of 25 ∘ C and 1.5% is chosen at last, by overall consideration of the membrane forming and droplets. (Figure 2(b) ), 215-350 nm (Figure 2(c) ), 270-400 nm (Figure 2(d) ), and 500-800 nm (Figure 2(e) ), respectively. Fibers diameters increase with the increasing BC concentration. At low concentrations, molecular chains entangle little, where the jet stretching by static electric power is strong, so the diameter of fiber is superfine. When the concentrations are increasing, the effect of molecular chain entanglement is enhanced. Jet stretching by static electric power decreased; as a consequence the diameter increased gradually. In Figure 2 (f), the spinning voltage was 17 kV, the concentration was 1.35 wt%, and the average diameters of spinning fibers were 200-300 nm, smaller than Figure 2(d) (16 kV, 1.35 wt%) . This is mainly due to surface charge density of electrospinning solution increasing with electric field strength, forming a larger electrostatic repulsion. At the same time, higher electric field strength results in stronger acceleration on jet. All of these factors can affect jet and fiber, eventually resulting in a greater tensile stress. To sum up, the optimum spinning voltage is 16-17 kV and the temperature is 25 ∘ C. The optimum concentration of the BC spinning solution was 1.3 wt%-1.35 wt%.
Morphology Analysis.
Figures 2(g)-2(i) show the SEM photographs of BC membranes with different contents of TiO 2 . The spinning voltage was set at 16 kV. Temperature was 25 ∘ C and the concentration of the BC spinning solution was 1.35 wt%. In the photographs, we can see that the surface of spinning fibers became rougher after doping with TiO 2 nanoparticles and the diameter distribution was relatively concentrated at 300-500 nm. Average diameter decreased slightly with increasing of TiO 2 proportion. These are mainly because the surface tension of spinning solution decreased after being doped with TiO 2 . However, when the contents of TiO 2 surpassed 0.05 g, they tend to aggregate. At last, 0.05 g TiO 2 was chosen. Figure 3(a) shows the XRD spectra of native BC (black curve, (i)) and regenerated BC fibers (red curve, (ii)). Native BC shows three strong Bragg peaks at 14.6 ∘ , 16.9 ∘ , and 22.7 ∘ , which are indexed as the (101), (101), and (002) peaks of the typical cellulose I structure, respectively. In the curve of the regenerated BC fibers, we found road peak with high background noise that reveals an amorphous structure. The degree of crystallinity and the crystallite sizes are calculated from XRD data using = ( /( + )) × 100%. They clearly demonstrate that the degree of crystallinity of native BC was 74.14%, but crystallite sizes of the regenerated BC fibers were 60.2%. The crystallite sizes of the regenerated BC fibers were apparently smaller than the native BC, since the growing of crystallites after regeneration was incomplete. (211), and (224) peaks of the typical anatase TiO 2 structure, respectively. These results indicate that we have successfully prepared anatase TiO 2 by hydrothermal method. In the XRD curve of the 0.1 g TiO 2 /BC composite fibers (curve (ii)), we find some new peaks which corresponded to TiO 2 and road peak is hidden, which may be due to the strong peaks of TiO 2 . These results also reflect the successful preparation of TiO 2 /BC composite fibers. Figure 3 (e) shows the mapping photograph of Ti element in electrospinning fiber membrane. In the photograph we can see that TiO 2 uniformly dispersed in spinning fiber. Figures  3(c)-3(d) show the XPS spectrum of TiO 2 /BC hybrid fiber and narrow spectrum of Ti element. In Figure 3 (c), three elements (C, O, and Ti) are found on the sample surface. The Ti 2P XPS peak of Ti in Figure 3(d) consists of two energy levels of Ti 2P 1/2 and 2P 3/2 at 463.5 ev and 471.5 ev. The spectrum peaks were consistent with TiO 2 , which indicated the successfully prepared TiO 2 /BC composite fibers. Figure 4(a) shows the TGA spectra of spinning BC fiber and nanocomposites fibers with different contents of TiO 2 . The curve of the spinning BC fiber shows that the weight loss was caused by the evaporation of the H 2 O from 50 ∘ C to 120 ∘ C. Further weight loss from 300 ∘ C to 380 ∘ C was relatively fast, which was due to dehydration and decomposition of the molecules. The mass decreased about 89.5%. From 390 ∘ C to 600 ∘ C, the mass was almost unchanged. These indicated that cellulose decomposed completely. However, the decomposition temperature of 0.01 g TiO 2 /BC composite fiber was higher than pure spinning BC. Moreover, the residual mass was 16.5% after 390 ∘ C, and it increased about 7% compared with pure spinning BC fiber. When the content of TiO 2 increased to 0.1 g, the dehydration and decomposition of the molecules began at 320 ∘ C, and the residual mass was 33.5%. It increased about 28% compared with pure spinning BC fiber. All of above showed that the thermal stability of TiO 2 /BC composite fiber was better than pure spinning BC fiber. difference between the structure of the native BC and hybrid fibers. There were only some physical changes during the whole dissolving and spinning process. The most striking difference between native BC and AAEM spectra was the peak obtained for AAEM at 1481 cm −1 , which corresponded to the methyl groups of ammonium. Moreover, the peak of AAEM positioned at 1418 cm −1 was referenced as the C-N stretching vibration [26] [27] [28] . FT-IR spectra have given an evidence of the introduction of the quaternary ammonium salt group on the cellulose backbone. Table 1 , we found that when the mole ratio of alkali to etherified reagent was 1.2, the degree of substitute of product was optimal. When the mole ratio was higher than 1.2, more product from side reaction happened. It is easy to understand that a lower mole ratio below 1.2 will result in inadequate reaction substrates, also resulting in lower DS. As the degree of substitute increased with the reaction time, it arrives high to 1.438 after 16 h.
XRD and XPS Analysis.
TGA and FT-IR Analysis.
Performance Test of Grafted Membrane
Degree of Substitution and Ionic Conductivity. From
From Table 1 , we found that the IEC of membranes increased with the increase of DS. As for sample 7, its DS was 1.438; the IEC was as high as 0.99 mmol⋅g −1 . It increased significantly compared with QAPVA/HACC/GA alkaline membrane (0.822 mmol/g) [29] and increased onefold when compared with SiO 2 /QAPVA (0.57 mmol/g) [10] . These indicated that the composite membranes have the potential to apply as the membrane of alkali anion exchange membrane in fuel cell.
Water Uptake and Mechanical Properties.
Electrochemical properties of fuel cell are significantly influenced by the water uptake of membranes. Sufficient water can provide enough carriers to ion migration. Figure 5(a) showed the 8 Journal of Nanotechnology effect of the DS of the product on the water uptake. From the figure, we found that the water uptake of alkaline composite membranes increased with the increase in DS of the grafting reaction, and the water uptake was higher than the membranes without graft. The water uptake was up to 140% when the DS was 1.16. It is similar in the condition of SiO 2 /QPVA [29] alkaline composite membranes. The most high water uptake was 167%. The introduction of hydrophilic hydroxyl group and quaternary ammonium groups increases the hydrophilicity of composite membrane. Figure 5 (b) shows the mechanical property of the TiO 2 / BC/CHPTAC-OH/PVA membranes of different DS. The mechanical performance of composite membranes was improved by joining the PVA at the room temperature. The tensile strength and the breaking elongation ratio of TiO 2 / BC/CHPTAC-OH/PVA membranes increased with the increase of DS. We found that when grafting DS up to the maximum, the tensile strength of TiO 2 /BC/CHPTAC-OH/PVA membranes is up to 25.18 MPa and the breaking elongation ratio is up to 38.05%. As the DS falls, both tensile strength and breaking elongation ratio came to the minimum. Main reasons resulting in the problems may be the reduction of quaternary ammonium and water, leading to tensile strength and breaking elongation ratio decrease.
Swelling Ratio of AAEM.
Fuel cell is significantly influenced by the dimension stability of membranes. It is measured by swelling ratio of membranes. Table 2 shows the swelling properties of composite membranes. From it, it we found that the swelling ratio of pure BC spinning membranes was low, and the swelling ratio of area was only 1.15%. The dimension stability of membranes was better. Moreover, the swelling ratio of composite membranes slightly increased with the increase in DS. These may be because the resulting hydrophilic quaternary amine groups are increased with the increase in DS, implying the improved hydrophilic properties of the membranes. The membranes become more hydrophilic and the swelling ratio increased. Figure 6 shows the ionic conductivity of the composite films at different temperatures when the IEC was fixed at 0.99 mmol/g. We can see that ionic conductivity of membranes gradually increases from 0.01 to 
Ionic Conductivity.
Conclusions
In this paper, we used the electrostatic spinning technology to prepare BC/TiO 2 nanofibers. Then BC/TiO 2 /CHPTAC-OH/PVA membranes for alkaline fuel cells were prepared via quaternization and alkalization. The properties of the composite membrane including water uptake, swelling degree, mechanical properties, ion-exchange capacity, and ion conductivity were investigated. It was found that the obtained AAEMs exhibited high DS (1.16), when the molar ratio of alkali and CHPTAC is 1.2 and the reaction time is 16 h. The water uptake and IEC of BC/TiO 2 /CHPTAC membrane were 140% and 1 mmol/g, respectively. Meanwhile, the composite membranes exhibited excellent dimensional stability. The mechanical properties of the composite films were improved by PVA and the BC/TiO 2 /CHPTAC-OH/PVA alkaline anion exchange membrane with maximum degree of substitution exhibited better mechanical strength (stress: 25.18 MPa, strain: 38.05%). In addition, the ionic conductivity of the composite film was 0.0093 s/cm at 80 ∘ C. Compared with other commercial membranes, the as-prepared composite membrane exhibited comparable performances, thus promising many applications in fuel cells.
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